The theory of the transient frictionally generated temperatures that are necessary to produce hard metallurgically transformed material in the rubbing of steels is re-examined and it is found that these temperatures are much higher than has previously been assumed. Carbon diffusion is shown to be the rate-determining process. The revised theory is confirmed by experiments in which, for the first time, such phase-transformed material is produced as a result of a single rubbing contact.
Since 1912, when Stead first observed hard material on worn steel ropes, it has been known that hard metallurgically transformed layers can exist upon the surfaces of steel that have been subjected to frictional rubbing. Stead attributed this hardening to the conventional process of heating followed by quenching. In more recent times the production and properties of these phase transformed layers have been the subject of very many investigations and they have generally acquired the title of white layers because of their resistance to etchants in metallographic examination. A useful review of the literature has been given by Eyre & Baxter (1972) , and a more recent summary of the evidence is to be found in Rowntree (1982) . Although the most common view of the process involved in their formation is akin to the thermal mechanism proposed by Stead, examples have been described in which white layers have been found under conditions where the generation of the necessary temperatures is most unlikely (Turley 1975 (see also Samuels 1982); Newcomb & Stobbs 1984) . In what follows, we shall confine our attention to situations where the thermal mechanism is almost certainly operative. We shall also assume, with most previous investigators, that the first essential stage in the production of white layers is austenitization of the steel.
We take as our starting point the pioneering studies of Welsh (1965 a, b) , who studied the wear rates and the wear mechanisms of plain carbon steels under dry rubbing conditions using a pin and ring wear machine. Figure 1 shows, in simplified form, the important features of Welsh's results for the wear of a tempered plain carbon steel (0.63 % C) § rubbing on itself. At light loads a low-wear load/N Figure 1 . Effect of load upon the equilibrium wear rates of a 0.63% C steel rubbing against itself on a pin and ring wear machine at 1 m s -1 (Welsh 1965a, Lines: ------, pin; --ring. regime occurred of a type found, for many metallic combinations, and described as mild wear by Archard & Hirst (1956) ; in this regime the surfaces were protected by oxide films, both those occurring naturally and those generated by the rubbing process itself. Again, following the experience of Archard & Hirst, at a load Tx (figure 1), which was dependent upon the speed and other conditions, an increase in the wear rate by more than two orders of magnitude occurred; this was accompanied by a transition to severe wear in which the wear consisted of larger metallic particles.
The new feature exhibited by steels was that at a still higher load ( see figure 1 ) a reversion to mild wear occurred and this reversion was accompanied by the first appearance upon the rubbing surfaces of hard metallurgically transformed material. Between this load T2 and a higher load Tz Welsh showed that the perpetuation of mild wear depended upon the existence upon the surfaces of both the metallurgically transformed material and surface oxide films. Above T3 mild wear persisted even in the absence of the oxide films.
Welsh carried out many other investigations showing the effects of such variables as the sliding speed, the metallurgical composition and treatment of the specimens, the effect of the removal of oxide layers and the modification of the properties of the phase-transformed material by tempering. However, for the purposes of the present paper, we are concerned primarily with the interpretation of the T2 transition in terms of the theoretical estimate of the temperatures generated at the contacts that exist between the rubbing surfaces, the so-called flash temperatures. Such temperatures are difficult to measure because of their short duration (typically 10~3 s or less) and their location over very small dimensions (say ca. 10-4 m). Welsh used existing theories of Blok (19 Jaeger (1942) as cast in a convenient form by Archard (1959) . In what follows we shall use the Archard presentation of the theory and its extension to include such questions as the calculation of subsurface temperatures; this theory is outlined in Appendix 1 and the extensions are set out more fully in a companion paper (Archard & Rowntree 1988) . Using these theories, Welsh (1965a , followed Archard (1959 in showing that the calculated values of the mean surface flash temperatures at the T% transitions were almost always of the order of 750 °C, or a little higher. This result was apparently in good accord with conventional metallurgical theory, which requires a temperature of this order of magnitude to cause the austenitic transformation of steels that we regard as the prerequisite for phase hardening.
More mature considerations suggest a number of objections to this simple explanation of Welsh's results. The first objection is that the flash temperatures are of such short duration (say 0.5 x 1CT3 s) that it is unlikely that the austenitization of steels can occur in this short period. A preliminary account of these metallurgical arguments have been given in an earlier paper (Archard & Rowntree 1979) and a more detailed discussion is contained in Rowntree (1982) . These arguments will be briefly summarized below.
The second objection to Welsh's conclusions is that his experiments were necessarily conducted under conditions of multiple contact; that is, multiple contact both in the sense that the load was normally shared between an unknown number of contacts and, moreover, each point on the surface was rubbed many times before it and its adjacent material was removed by wear. To provide a true test of the thermal theory of the generation of phase-transformed material it is necessary to carry out experiments in which surfaces of steel are brought together at a single area and subjected to a single rubbing contact. Such experiments have been performed on the crossed-cylinders machine, originally described by Archard & Kirk (1961) , in which two rotating cylinders with their axes mutually perpendicular are brought together under load. The lower cylinder is slowly traversed in a direction mutually at 45° to the axes of the two cylinders so that the single rubbing contact traces out a helical path on both surfaces. Some exploratory experimentsf carried out with this apparatus showed a number of useful facts. First, and foremost, it became clear that the conditions necessary for the production of phase-transformed material in a single rub required loads and speeds such that the generated flash temperatures were far in excess of the 750 °C postulated in Welsh's conclusions. Secondly, there were difficulties in the finer interpretation of the experiments and these will be explained in the description of more definitive experiments, which will be described below.
The theory and experiments that follow will be confined, for the sake of simplicity, to a plain carbon steel of near eutectoid composition in its normalised condition. Thus in the theory we shall be concerned with the transformation to austenite of a pearlite structure consisting of lamella of a-iron (ferrite) and iron carbide (cementite). The crucial question is therefore the combination of time and temperature necessary to transform this to a homogeneous structure of y-iron (austenite). In applying the theory to the experimental results, the issue is complicated by the fact that each element of material on, or immediately below, the rubbing surface is subjected to a variable temperature-time history. We shall therefore draw on the theory of the companion paper in dealing with the temperatures. From this work will emerge a revised theory, which forecasts the conditions necessary for the austenitization, by frictional heating, of a pearlitic steel; austenitization being regarded as the first prerequisite of phase trans formation.
Some redesigned experiments with the crossed-cylinders machine will be described covering a range of loads and speeds. Examples will be shown of metallurgically transformed material produced as a result of a single rub. The conditions necessary for the production of such transformed material will be compared with the forecasts of the revised metallurgical theory. Finally an example will be given to show how the boundaries of this transformed material compare with the forecasts of the subsurface temperatures derived from the extended theory of flash temperatures. 2
T h e o r y
Consider the well known iron-carbon phase diagram shown in figure 2. The locations of the boundaries are influenced slightly by impurities but for the sake of simplicity we shall consider the conditions necessary for the formation of austenite using the location of the boundaries given in figure 2.
2.1.
The temperatu In this range we consider the transformation a (0.025% C) + Fe3C (6.67% C) ->y (0.8 % C).
(1) Rose & Strassburg (1956) have carried out experiments in which specimens of a 0.7 % C steel in the normalized state (ferrite + pearlite) were raised to temperatures above 723 °C for short durations and quenched to low temperatures. The progress of the transformation was followed by dilatometry and by subsequent metallographic examination of the specimens. In figure 3 the conclusions drawn from these experiments are shown, the progress of the transformation of equation (1) being plotted as a function of the dwell time at the high temperature. 
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dwell tim e/s F igure 3. The austenization of a 0.7% C steel (Rose & Strassburg 1956 ). The diagram shows the composition of the steel, originally in the normalized state, after being raised to tem peratures in the range 723-910 °C for various dwell times.
•5 Vol. 418. A Figure 3 shows, quite clearly, that the duration of a typical flash temperature {cm. 10~3 s) is too small, by as much as three orders of magnitude or more, to provide the conditions for the austenitization of pearlite in the range 723-910 °C. These conclusions are supported by other evidence (see, for example, Orlich 1974), which has been discussed in Archard & Rowntree (1979) and in Rowntree (1982) . It is therefore concluded that temperatures in excess of 910 °C are required for the austenitization of steels by flash temperatures.
2.2. The temperature range above 910 °C Under these conditions austenitization of pearlite requires the following: {a) the allotropic transformation of a-iron to y-iron, (6) The dissolution of the surplus carbon in the carbide into the y phase (previously a) represented by y (0.025% C) + Fe3C (6.67% C) ^y (0.8 % C).
Physical reasoning suggests that the rate determining mechanism in this process should be the diffusion of carbon in y-iron. This has been justified in Archard & Rowntree (1979) and in Rowntree (1982) . The most important evidence is to be found in Orlich (1974) who studied austenitization of steels by rapid electrical impulses. Taking values of the diffusion coefficient of carbon in y-iron (Van Vlack 1973) we obtain representative values of the diffusion distance, through which carbon will diffuse in a time, t, as given by the equation
The results of such calculations are shown in table 1. The production of homogeneous austenite from pearlite requires diffusion over distances of the order of 0.5 jxm. Thus table 1 shows that temperatures in excess of the allotropic transformation temperature (910 °C) will almost certainly be required for this process and that, indeed, the rate determining process will be the diffusion of carbon in y-iron. A somewhat more realistic treatment of the problem can be provided simply by regarding the iron carbide of the lamellar pearlite as y-iron containing 6.67 % C; we then provide a solution of the linear diffusion of carbon into the iron so as to approach the uniform concentration of carbon (0.8 %) as indicated in equation (2). For simplicity the low initial concentration of carbon in the y iron (0.025%) is taken as zero. The solution of this problem as a Fourier series has been given elsewhere (Archard & Rowntree 1979) by the parameter Dt/l2, where 21 is the overall thickness of the pearlite lamella. Figure 4 suggests that diffusion may be a little more rapid than is indicated by table 1. Thus if diffusion is regarded as effectively complete when values of the concentration differ by less than 25% of the equilibrium value (0.8%) then this occurs for values of D t / l2 of the order of 0.2, i.e. (with l = 0.5 pm, = 5 for values of D of the order of 10-10 m2 s_1. This implies that a temperature of approximately 1200 °C is required.
The calculations associated with figure 4 suffer from two major defects, which require brief discussion. First, the calculation neglects the fact that the maximum concentration of carbon in y-iron is 1.8 % rather than the value of 6.67%, which is implicit in figure 4 . A modified version of the Fourier series of figure 4 that takes account of this limitation in the region originally occupied by the y-iron (0.12 < x/Z < 1) suggests that the influence of this limitation is marginal (Rowntree 1982) . The same conclusion is reached by an examination of an exact but more complex solution of this type of problem by Pabi (1979) .
A second, and more influential, limitation of the above analysis is that it implicitly assumes that each element of material at, or immediately below, the rubbing contact is subjected to a temperature history represented by a square pulse of elevated temperature of duration However, in a rubbing contact under the high-speed thermal conditions, which apply in our experiments, each element of material beneath the contact is subjected to a temperature/time history in which the temperature increases proportionally with fi, where t is the time for which the heat has been applied to the surface. Because the diffusion coefficient, D, rises as an exponential function of the temperature, one must expect the diffusion to be most strongly influenced by the maximum temperature that occurs at the trailing edge of the contact region. A reworking of the Fourier analysis of figure 4 with the temperature-time history indicated above has been achieved (Rowntree 1982) . This revised analysis produces the important conclusion that taking the mean value of the flash temperature, 6m, can grossly underestimate the extent of the carbon diffusion by giving effective values of ( ), in figure 4, which are too low by factors of two orders of magnitude or more. It was found that the most effective way of specifying the extent of the diffusion is to express it in terms of the maximum temperature generated in the contact, 0max; then by using the analysis of figure 4 the errors will be relatively small compared with those involved in the broad generalizations that have been made in this first attempt to produce a revised metallurgical theory. For these same reasons, when using the full theory of the temperature distribution around the contact, these will also be expressed in terms of the maximum generated temperature.
Summary of
the revised meta The theory that has been outlined above has shown clearly that the application of conventional metallurgical theory (Archard 1959; Welsh 19656) to explain the production of white layers on pearlitic steels by frictional flash-temperature heating is not acceptable. Because of the short duration of the temperatures a revised metallurgical theory is required in which carbon diffusion is the rate determining process. Moreover, and most importantly, the mean values of the flash temperatures (#m), which have been widely used in earlier work, is not the significant factor; instead it has been shown that the production of white layers is most relevantly considered in terms of the maximum temperature generated in the rubbing contact. For the conditions of our experiments, assuming a contact having a duration of the order of 5 x 10-4 s, the maximum flash temperature (&max)' required for the metallurgical transformation is of the order of 1200 °C.
3. E xperiments 3.1. Experimental details In these experiments it was desirable to produce conditions which bore a close resemblance to those of the flash-temperature theory (Archard 1959 ; Archard & Rowntree 1988) , in which it is assumed that the contact between the two bodies is a circular area that is stationary on one body and moves with a sliding velocity V over the surface of the other. Exploratory experiments in which both cylinders rotated with the same surface velocity were difficult to interpret because of the complexity of the sliding conditions. Therefore in the experiments to be described the upper specimen always rotated at 20 times the speed of the lower specimen; this gave a close approximation to conditions of the theory while still producing a contact that constantly advanced over both the surfaces.
Flash-temperature theory also assumes that all the energy of friction appears as heating at the interface. and implicitly it is assumed that the surfaces remain undamaged. Exploratory experiments tried to reproduce the conditions of Welsh's (1965 a) work in which both specimens were carbon steels in the soft condition. These produced macroscopic welds that extended well beyond the boundaries of the tracks expected from simple contact theory. Therefore in the experiments described below, the upper (faster moving) cylinder was of a 0.73% plain carbon steel (C73) in the normalized state whereas the lower (slower moving) cylinder was of a fully hardened alloy tool steel (Tl). In this way, tracks without macroscopic welding were produced upon the surface of the plain carbon steel in a close approximation to the conditions assumed in flash-temperature theory. It is of interest to note that tracks without phase-transformed material were usually smooth and polished whereas those with phase hardening were slightly roughened; this latter effect may possibly be associated with the production of the austenite phase at the surface during rubbing contact.
Hollow cylindrical specimens were manufactured of length 19.0 mm, bore 15.9 mm and external diameter 34.9 mm. Specimens were located on mandrels and circumferential ground to size with a surface roughness (i?a) of 0.3 pm. Specimen composition, metallurgical treatment and material properties are detailed in Appendix 2. Bulk temperature rises were measured by chromel/alumel thermo couples located at a depth of 4.8 mm beneath the surface, at the centre of the specimens.
Before each test the specimens were degreased by Soxhlet extraction with a 50:50 solution of acetone and isopropyl alcohol. The specimens were then mounted between centres on the crossed cylinders machine and kept separated by means of a jack under the loading arm. The specimens were allowed to rotate to the desired speed and then loaded together. After a brief period of repeated rubbing the traverse ram was applied to produce a single well-defined track on both rotating specimens, followed by a further period of repeated rubbing at the end of the track as the rotation of the specimens slowed. In what follows, attention will be confined almost entirely to the single rub results; effects in the multiple rub tracks are discussed elsewhere (Rowntree 1982) . Friction coefficient was recorded by measuring the deflection of a vertical restraining rod by a Talymin probe connected to a Talysurf recorder. Although the time constant of the friction measurement is such that the highest peaks may not be recorded, it is argued (Rowntree 1982) that the use of time averaged values is both justified and appropriate.
For each single rub experiment the following results were obtained.
(i) Because the loads used were beyond the onset of plastic deformation and in the lower half of the elastic-plastic regime, the graphical method of Archard (1981) was used to provide an estimate of the theoretical contact diameter under static loading. This method fixes this intermediate elastic-plastic range by simple graphical fitting to the elastic theory at the load for the first onset of plastic flow (known from theory) and to the plastic theory at the load defined by Tabor (1951) as the start of full plasticity.
(ii) The measured width of the single rub track (2aa). Because, in the load range indicated, there is incomplete recovery in the rear half of the contact, aa > ag in all experiments.
(iii) The bulk temperatures 0bk during the single rub experiment.
(iv) The friction coefficient in single rub.
(v) Calculated values of the maximum flash temperature in the contact using both values of the contact radius, a, above plus t The sliding speeds (effectively the surface speed of the upper specimen) in these experiments ranged from 0.8 to 5.5 m s-1. The corresponding loads varied from 152 to 839 N. Because the combination of loads and speeds were chosen to be reasonably close to those expected to give the phase transformation, the high loads tended to be combined with low speeds, and vice versa. For comparison, the load required for the onset of plastic deformation for the chosen conditions under static loading is 88 N.
Examination of the specimens
After an experiment the plain carbon steel specimen was removed and a thick layer of nickel (ca. 150 pm) was deposited to protect the hard surface layers during metallographic preparation. Three sectioning planes were used; these are defined in figure 5 . A chordal section through a cylindrical specimen is similar to taper sectioning; however, the taper ratio varies as the field viewed is moved away from the edge. Used in conjunction with normal and axial sections a clear view of the degree of surface flow, the amount of deformation and the depth of transformed material is obtained. A 4 % picral etch was used in all the examples shown here but a range of etchants was used as part of an attempt to investigate the structure of the white layer. These are described in more detail elsewhere (Rowntree 1982) . The specimens were also analysed by the physical techniques of scanning, transmission and Auger electron microscopy, and by X-ray diffraction analysis.
Although not conclusively identified, the burden of evidence indicated the transformed material to be a fine grained mantenitic structure. Further details may be found in Rowntree (1982) . Using the technique of Mossbauer spectroscopy, Campany & Wilson (1982) have unambiguously identified the martensitic nature of similar thermally generated white layers formed on scuffed surfaces.
3.3 Results: phase transformation and maximum flash temperature The results of the experiments are shown in tabular form in table 2 (Appendix 3). These results are plotted in figure 6a , in which the maximum calculated flash temperatures generated during the single rub phase of an experi ment is plotted against the load used. (As explained above, in general, high values of the load, W, correspond to low values of the sliding speed, V.) In figure 6a the theoretical value of the contact radius under static loading, ag, is used to calculate the maximum flash temperature (#max)g. In figure 66 the measured value of the track width (2aa) is used to calculate the maximum flash temperature (#max)a. In these calculations it is assumed that the contact between the surfaces is a circular area, na2, where a has values ag or aa as appropriate. Values of 6hk the bulk temperature of the specimen recorded during the single rub phase are also included. In general the maximum value of the friction coefficient, jia, has been used in the temperature calculations. However, when the single rub track exhibited both transformed and untransformed material (in differing locations) or when large variations in ju,s occurred, the calculations were also performed with the minimum value.
In figure 6 a, b,experiments in which no metallurgically phasematerial was observed on the single rub part of the track are indicated by open circles. Similarly those experiments where phase transformed material was observed are shown by closed circles. The results obtained when plotted in this way appear quite unambiguous. When the theoretical value of the contact size is used in the calculations, phase transformed material is observed only when the calculated maximum flash temperature (#max)g exceeds a value of approximately 1500 °C. When the measured value of the track width is used, phase transformed material is observed only when the calculated maximum flash temperature (#max)a exceeds a value of 1230 °C. It will be argued later that (#max)g is a significant over estimate of the temperature and that (#max)a is an under estimate. The close correspondence with the value of 1200 °C postulated at the end of the theory of §2 will also be noted. Figure 7 a shows the surface and is almost along the direction of the track. The depth of the white layer, which is featureless, is approximately 10 pm. There is some evidence of a transition layer between the white layer and the substrate. There is also some evidence of mechanical deformation at much greater depths, which is to be expected from the position of maximum shear stresses in the theory of contact; this mechanical deformation is more evident in sections of multiple rub tracks.
Results: metallographic sections of tracks
Figure lb shows a chordal microsection, the taper magnification being of the order of a factor of 10. The experiment from which this microsection was taken (run 33) used a load at the heavier end of the range used. This section shows more strongly than in the general run of results a tendency for the displacement of material across the track; presumably this is the consequence of assymetry caused by the motion, at low speeds, of the surface of the hard counterface. Again, as in figure 7a , the transformed surface layer is structureless under picral (and other) etchants and again a transition layer is revealed. This is shown more clearly for the same section under higher magnification in figure 7 c. It has the appearance of pearlite carbide lamella gradually dissolving into the transformed material. Because the transition region has been subjected to somewhat lower temperatures this is precisely the structure that is to be expected from the theory of §2.2 and illustrated in figure 4 . Figure 7 b shows as would be expected that at the centre of the track, where the generated temperatures are greatest, the transformed layer extends to significant depths. Towards the edges of the track, which experience lower temperatures, the depth of the white layer is less. It is therefore of interest to examine whether the boundaries of the transformed material can be explained in terms of the extended flash-temperature theory (Archard & Rowntree 1988 ), which, it will be recalled, includes the forecasting of subsurface temperatures. We note that in the theory of §2 it was found that the critical factor in the transformation was the maximum temperature to which an element of material had been subjected. The largest temperature, 0max, occurs on the surface at, or near to, the centre of the trailing edge of the contact and it is convenient to express the maximum temperature to which any other element of the material (either on the surface or below it) in terms of this temperature. Figure 7 d shows the results of such an attempt to explain the boundaries of the region of transformed material. It is a typical taper microsection taken from an experiment towards the lower end of the load range used (i.e. higher speeds). Once again, fully transformed and partially transformed (transition layer) material can be observed. The maximum temperature, 0max, is experienced at the surface in the centre of the track and isotherms corresponding to other points in the material that have experienced maximum temperatures having values 0.9, 0.8, 0.7, 0.6 and 0.5 of this value are plotted on the micrograph. It will be seen that the boundary of the fully transformed material lies very close to the isotherm corresponding to 0.8 #max. Bearing in mind the approximations of the theory and the complications introduced by the assymetry of the boundaries of the transformed material (see figure 76 ), the agreement between the flash-temperature theory and the shape of the boundaries of the transformed material is remarkably good. Moreover, it will shortly be shown that the magnitudes of the temperatures deduced for this boundary are in good agreement with the forecasts of the metallurgical theory.
We now consider the two sets of values of the maximum temperatures which we have deduced from flash temperature theory. These are obtained by using the high-speed equations, which apply to our experimental conditions, and are based upon the finding that, during the duration of the contact at any point on the surface, the heat has time to penetrate only to depths small compared with the contact dimension. The equations of linear heat conduction apply and the temperature, 0, of the surface is given by
where K, p, c, are the thermal conductivity, density and specific heat of the material, q is the intensity of the heat supply (watts per square metre) and t is the time for which the heat has been supplied to the point on the surface in question.
The values of load used in the experiments exceed that necessary to cause the onset of plastic deformation in static loading by factors in the range 3-9. Therefore, compared with a static contact (a circle of diameter 2 ag), the dimension of the contact in sliding will be decreased slightly in the sliding direction and increased slightly in the direction normal to sliding, the latter effect being apparently enhanced in the measured track width (2 by pile-up of material at the sides of the track; this is shown in table 2 (Appendix 3) where the measured track widths (2 aa) exceed the theoretical contact diameters (2ag) by 40%, the discrepancies being greatest, as expected, at the heavier loads. Moreover, taking into account the load redistribution caused by plastic flow, the mean contact pressures, and hence the mean heat flux q, will be less than that obtained when assuming a circular contact nag2 and greater than that when assuming a circular contact naa2.
Thus by using equation (4) and assuming a circular area of contact Via2, the resultant value of the maximum temperature (#max)g will be too high because of the over estimate of the value of q, the small decrease because of the assumed value of t having less effect. Similarly, by using equation (4) and assuming a circular area of contact 7taa2 the resultant value (#max)a will be too low because of the under estimate in the value of q, the overestimate of t having less effect.
Returning to our analysis of the microsection of phase transformed material shown in figure Id. It will be seen from Appendix 3 that the values of (#max)g and (^max)a f°r this run are 1619 and 1412 °C respectively!. These values include an allowance of 31 °C for the bulk temperature of the specimens, #bk. It has been concluded, in the discussion above, that the boundary of the fully phasetransformed material corresponds to an isotherm corresponding to a transient temperature rise having a value that is 0.8 times the maximum value. This gives values of the maximum transient temperatures of the material at this boundary of 1301 or 1136 °C depending on whether the values of or aa are used respectively. Because, as has been shown, the former results in an over estimate and the latter in an underestimate, these calculations are in good general agreement with the value of 1200 °C derived from the metallurgic theory of §2.
Similarly, if we consider the results of figure 6 a, we obtain values of 1500 and 1230 °C for the maximum values of the flash temperature in the contact as necessary for the production of phase-transformed material. These higher figures are in complete accord with our detailed analysis of figure Id and the earlier metallurgical theory.
D is c u s s io n
In this paper it has been shown, for the first time, that metallurgically phasetransformed material (white layers) can be produced on the surface of steels as a result of a single rubbing contact. These experiments are of some significance because they are the first whose results can be compared directly and unambiguously with the theory of transient high temperatures (flash tempera tures) produced by frictional heating.
The paper has also shown that the ideas of conventional ferrous metallurgy, which have been used in previous investigations of this subject, are not applicable to the formation of phase-transformed material by frictional heating because of the very short duration of the flash temperatures. When this factor is taken into account it has been found that the flash temperatures that are necessary for production of white layers are much higher than have previously been assumed; temperatures in excess of the allotropic a -> y transformation are required and carbon diffusion in y-iron becomes the rate determining process. Another important feature of the theory is that the mean value of the flash temperature, which has been widely used in earlier investigations, is not the appropriate criterion. Because carbon diffusion depends exponentially upon the temperature the most significant factor in the formation of white layers is the maximum transient temperature in the contact region.
Estimates of the temperature necessary for the phase transformation (ca. 1200 °C) obtained from the revised metallurgical theory are in good agreement with those deduced from the experiments (with the flash-temperature theory) for the boundary between the appearance or non-appearance of white layers upon the tracks of single-rub experiments. Perhaps a more remarkable and satisfactory result is the use of the extended flash-temperature theory (which allows the easy calculation of subsurface temperatures) to give a satisfactory explanation of the position and shape of the boundaries of the fully transformed material produced in a single-rub experiment (figure Id). Further confirmation for the validity of the metallurgical theory is found in the existence of the transition layers which have the expected appearance of partially dissolved lamella of pearlitic carbides; this is confirmation of the critical role of carbon diffusion.
This investigation has necessarily been confined to the studies of a pearlitic steel in the normalized state. There are obvious ways in which the work can be extended to explore the influence of other factors, such as the composition and the structure of the steel. Some discussion of these factors and, for example, their role in Welsh's (1965 a, b) experiments has been given elsewhere (Archard & Rowntree 1979) . However, one further feature is worthy of mention here. In experiments with cast irons evidence has been deduced for the existence of surface melting and this can be seen more clearly in the light of the present work (T. S. Eyre, personal communication 1982) . With such materials operating with compositions in the region of the eutectic composition (4.3%; see figure 2 ) the temperatures that have been shown to be required to achieve the necessary carbon diffusion, say 1200 °C, would indeed exceed the melting point of the eutectic.
If we return briefly to a consideration of Welsh's papers, which formed the starting point of the present work, we can easily find reasons for the reinterpretation of the wear patterns which he observed. An extended discussion of this has been given in our earlier paper (Archard & Rowntree 1979) but one feature that has emerged in the present paper deserves special emphasis. Welsh interpreted the T2 transition ( figure 2) by showing that the calculated values of the mean flash temperatures were of the order of 750 °C. These calculations were based upon the assumption that, despite the existence of multiple contact conditions, all the load could be borne at a single contact. In our earlier paper we argued that the effect of multiple rubs, calculated to be of the order of 150 in number, could be of significance in increasing the dwell time at the high temperature and thus reduce the required value of the flash temperature. However, of far greater significance is the finding in the present work that the factor of importance is the maximum flash temperature. Because flash-temperature theory shows that the maximum flash temperature is 1.64 times the mean value, the generation of the temperatures necessary to produce sufficient phase-transformed material to arrest the progress of severe wear at the T2 transition now becomes much more credible despite the greatly increased values of the temperature required by the revised metallurgical theory.
Our preliminary exposition of the metallurgical theory (Archard & Rowntree 1979) included a discussion of the fact that a rubbing contact involved the superposition of high pressures and high temperatures. It was concluded that the role of high pressures was likely to be small compared with that of the temperatures. This conclusion is reinforced by the more-detailed arguments presented here. It has been shown that in the formation of white layers by thermal processes the maximum temperatures are critical and flash-temperature theory shows that these temperatures occur near the trailing edge of the contact where the hydrostatic pressures at the surface fall to zero. Moreover, there is a small, but perhaps not insignificant, region just outside the trailing edge where the temperatures are high but are rapidly decaying towards the ambient values thus giving the rapid quench necessary for the production of the hard material. If temperature is regarded as the dominating factor in the metallurgical trans formation the most important changes occur in regions of low pressure. Thus in this first attempt to produce a revised metallurgical theory the neglect of pressure appears to be justified.
One final comment can be made concerning the structure and composition of the white layer; this has been the subject of much discussion in the literature. It will be understood that the main thrust of the present investigation was directed towards establishing the conditions under which phase-transformed material is produced as a result of a single rub. However, some time was found for the application of a number of analytic and metallurgical techniques to elucidate the structure. For example, the influence of tempering upon the microhardness of the white layer produced in single and multiple rubs was investigated. The microhardness of the layers produced in a single rub was of the order of or greater than 1200 HV with an indentor load of 25 g. This was higher than those produced in multiple rubs and these found, for example, in the multiple rub experiments described by Eyre & Baxter (1972) ; they were also significantly harder than that of martensite produced from similar material by normal metallurgical techniques. However, the decline of microhardness with increasing tempering temperature followed the same form as the material produced in other investigations. A fuller discussion of this and other evidence is to be found in Rowntree (1982) and the conclusion drawn from these investigations is that our white layers consist of martensite. An examination of Jaeger's (1942) analysis shows that under typical high-speed conditions the surface temperature declines to half its maximum value in a time of the order of half the duration of the contact. In our experiments this is a fraction of a millisecond so that the rates of quenching are clearly more than adequate for the formation of martensite. In a single rub, because of the rapidity of its formation and quenching, the material has a very small grain size with the consequential high value of hardness. Once the material has been formed the effect of multiple rubbing is to increase the grain size and reduce the hardness by tempering. This would explain why the hardness of the white layers produced in our single rub experiments is significantly higher than that found in the many other investigations of the material reported in the literature. R.A.R. acknowledges the financial assistance of a research studentship from the Science and Engineering Research Council and for a supplementary grant from the British Rail Board, which allowed the work to be completed. We are indebted to our colleagues in the laboratory for their assistance ; to Mr D. J. Crooks for help in the experiments and to Mrs K. P. Baglin for stimulating discussion. We also thank the National Centre of Tribology, Risley, for assistance in preparing the work for publication.
Metallurgical changes on rubbed steel

Appendix 1
The theory of flash temperatures We present here a brief explanation of the simplified version of the theory used in this work and that has been set out more fully and justified in Archard (1959) and in Archard & Rowntree (1988) . It is concerned with the conduction of heat away from a circular heat source of area na2 of uniform intensity q (watts per square metre) moving with a velocity V over the surface of a semi-infinite solid having physical properties p, c, K, k,a s defined in the paper. uniform value of q, which might be expected in an elastic contact, is discussed in Archard & Rowntree (1988) and shown to be small compared with the other approximations involved here.
When V, the velocity of the heat source, is low each point below it has sufficient time to acquire a value of the temperature, 6, appropriate to equilibrium conditions of heat conduction; this is the analogue of the flow of electrical current through an electrical contact (Holm 1958) . At higher speeds, equilibrium conditions do not apply and this is determined by a non-dimensional parameter (effectively the Peclet number)
where tx = a2/2ki s a representative time for the heat, generated at the surface reach a depth a below it and t 2 = a/V is a representative time for which heat is applied to the surface. At high speeds ( L > 5), d supply, the heat has time to diffuse only to depths small compared with the dimension, a, of the heat source; the equations of linear heat diffusion then apply and the surface temperature 6 is given by e = 2q#
which is equation (4) of the paper.
The division of the total heat supply between the two bodies is calculated as that which is necessary to ensure the same value of the mean surface temperature, 0m, at each of the two bodies. In situations such as those that obtain in our experiments, where the heat source moves at high speed over one body and is stationary or slow moving over the other it is found, as physical reasoning would suggest, that equalization of mean surface temperatures requires that most of the heat (85% or more in the conditions of our experiments) is supplied to the fastermoving surface. Therefore the surface temperatures will be close to those necessary to meet the heat conduction conditions in this body; in our experiments these are those of equation (A 2) applied to the faster, soft eutectoid steel, surface.
The surface-temperature distribution, in particular the values of the maximum temperature, are obtained by simple application of equation (A 2). It follows from an integration for the whole circular area that the relation between the maximum and mean temperatures is 6> 1.64 dr (A 3) where #max is the maximum value for the whole area that occurs at the trailing edge in the centre of the track. The values of the maximum surface temperature experienced by other parts of the track are reflected by the differing values of t, in equation (A 2), representing the maximum times for which heat is applied to them. Similarly values of the maximum temperature to which points below the surface of the track are subjected are obtained from an examination of the theory of linear heat diffusion: see, for example, Ingersoll al. (1955) . The relation between the temperature 60 at the surface and the temperature d2 at a depth 2 below it is where M = z2/2xt = z2pc/2Kt, and the series expansion form of equation has been shown to be accurate to better than 0.5% for values of Oz/d0 greater than 0.3. C73 is a research steel and has no equivalent specification. Specimens were machined from C73, as received. After roughing out, the T1 specimens were hardened as follows: preheated at 850 °C, austenitized at 1300 °C, quenched into oil and double tempered at 560 °C for one hour. T a b l e 2. E x p e r im e n t a l c o n d itio n s and r e s u l t s (Where phase transform ations did not occur the calculations of <9max were made by using the maximum value of /is. Where phase transform ations did occur the calculations were made, where appropriate, with both the maximum and minimum values of fis and these are shown in the 
